Abstract A high-quality structure of the 68-residue protein CD1104B from Clostridium difficile strain 630 exhibits a distinct all a-helical fold. The structure presented here is the first representative of bacterial protein domain family PF14203 (currently 180 members) of unknown function (DUF4319) and reveals that the side-chains of the only two strictly conserved residues (Glu 8 and Lys 48) form a salt bridge. Moreover, these two residues are located in the vicinity of the largest surface cleft which is predicted to contribute to a surface area involved in protein-protein interactions. This, along with its coding in transposon CTn4, suggests that CD1104B (and very likely all members of Pfam 14203) functions by interacting with other proteins required for the transfer of transposons between different bacterial species.
Introduction
Clostridium difficile is a gram positive, spore forming anaerobic bacterium causing diseases such as antibioticassociated diarrhea and lethal pseudomembranous colitis [1] . The genome of C. difficile is known to contain mobile genetic elements called 'conjugative transposons', which are capable of integrating in/excising from genomes. The conjugal transfer between bacterial genomes is mediated by proteins encoded in transposon operons [1] . The transposons can encode proteins conveying, antibiotic resistance: In the case of C. difficile, the genome contains transposons which provide tetracycline and erythromycin resistance [1] . Furthermore, protein CD1104B is part of the putative conjugative transposon CTn4 [2, 3] which is predicted to comprise genes of ABC transporters. Those aid the export of anti-microbial peptides which facilitate intestinal colonization by C. difficile [2] .
The 68-residue protein CD1104B from C. difficile strain 630 (UniProtKB/TrEMBL accession number Q18AW3; NESG ID CfR130) belongs to Pfam [4] protein family PF14203 ( Fig. 1a; Fig. S4 ) and is of unknown function (DUF4319). This family currently contains 180 bacterial sequences predominantly from class clostridia, erysipelotrichi and bacilli. CD1104B does not exhibit significant sequence similarity to any protein with known atomic resolution structure. CD1104B was thus selected as a target of the Protein Structure Initiative and assigned to the Northeast Structural Genomics Consortium (NESG; http:// www.nesg.org; target ID: CfR130) as part of a cooperative inter-center effort aimed at providing structural coverage of novel proteins discovered by metagenomic sequencing of the human gut microbiome [5] . Since no atomic resolution structures were available when this target was chosen, high modeling leverage [6] could be anticipated. Here, we report the high-quality solution NMR structure of CD1104B which represents the first atomic resolution structures for protein domain family PF14203.
Materials and methods
CD1104B was cloned, expressed, and purified following protocols [7] [8] [9] Supplementary Fig. S3 ) were obtained from G-matrix Fourier transform [11] and conventional triple-resonance NMR experiments (Supplementary Material) using the programs AutoAssign 2.3.0 [12, 13] followed by manual assignment of side-chain resonances. Assignments were validated using the AVS software suite [14] . Backbone 15 N-1 H RDCs were measured for two alignment media (Supplementary Material). Chemical shifts, NOESY peak lists, and time domain NMR data were deposited in the BioMagResBank (accession number 17359).
Structure calculations were performed by consensus analysis [15, 16 ] of 1 H-1 H NOE-derived upper limit distance constraints from automated NOESY assignment programs CYANA [17, 18] and AutoStructure 2.2.1 [19] . Backbone dihedral angle constraints were derived from chemical shifts using the program TALOS? [20] for residues located in well-defined regular structure elements, and orientational constraints were derived from polypeptide backbone 15 N-1 H RDCs [21] . Stereospecific assignments of methylene protons were performed with the GLOMSA module of CYANA and the final structure calculation was performed with CYANA followed by refinement of selected conformers in an ''explicit water bath'' [22] using the Fig. 1 Solution NMR structure of CD1104B from Clostridium difficile (PDB ID, 2L7K). a Sequence alignment of a subset of the Pfam PF14203 protein domain family: Clostridium difficile, Q18AW3_CLOD6; Faecalibacterium prausnitzii, C7H731_9FIRM; Ruminococcus obeum, D4LS42_9FIRM; Erysipelotrichaceae bacterium, D6HRU5_9FIRM; Ruminococcus sp., D4LNK2_9FIRM. Sequences were aligned using Clustal Omega [37] and the sequence alignment was rendered using ESPript [38] . Boxed residues represent identical (white font, highlighted in red) and similar (red font) amino acid conservation. Residue numbers for CD1104B and secondary structural elements from its solution NMR structure (PDB ID, 2L7K) are shown above the alignment. b Ribbon representation (only residues 2-68 are shown for clarity) of the lowest energy conformer of CD1104B. a-helices are shown in red and yellow while other polypeptide segments are shown in grey. The N-and C-termini are labeled with 'N' and 'C', respectively and the helices are indicated as I-IV. c Line representations of the polypeptide backbone depicting the ensemble of 20 structures after superposition of the backbone heavy atoms N, C a and C 0 of the a-helices for minimal RMSD. d Sausage representation of the backbone and superposition of the core side chains (Table 1) . A spline curve was drawn through the mean positions of C a atoms with the thickness proportional to the mean global displacement of backbone heavy atoms in the 20 conformers superimposed in (c). e The degree of residue conservation within protein family PF14203 is color-coded according to the default ConSurf scheme on space filling representation of lowest energy conformer: burgundy for the strongest conservation and cyan for the highest variability. The image on the left has the same orientation as in Fig. 1b and the image on the right was obtained after a 180°r otation about the vertical axis. The two largest surface clefts are indicated as 'C1' and 'C2' (see text). f Sausage representation of backbone with the side chains of strictly conserved residues Glu 8 and Lys 48 taken from lowest energy conformer shown in blue. The saltbridge formed between the side chains is highlighted (g) Surface and space-filling representations of the lowest-energy conformer of CD1104B colored according scores from PredUs prediction of regions potentially involved in protein-protein interactions: the default PredUs color scheme for residues with scores larger than zero are shown from light red to red with increasing score. h Electrostatic surface potential map displayed for the lowest energy NMR conformer. Positively and negatively charged regions are colored in blue and red, respectively, and neutral regions are in grey b First structural representative of protein domain family PF14203 157
program CNS 1.2 [23] . Validation of the resulting 20 refined conformers was performed with the protein structure validation software (PSVS) server 1.4 [24] and the agreement of structures and NOESY peak lists was verified using the AutoStructure/RPF 2.2.1 [15] package. The structural coverage provided by the CD1104B structure for PF14203 (DUF4319) was estimated using the program PSI-BLAST [25] as described in the Supplementary Material.
Results and discussion
A high-quality solution NMR structure of CD1104B was obtained ( Fig. 1b-d ; Table 1 ). The coordinates were deposited in the Protein Data Bank [26] on 12/13/2010 (accession code 2L7K). CD1104B exhibits an a-helical fold (Fig. 1b) consisting of four a-helices: I (6-15), II (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) , III (36-49) and IV (54-60). a-helix I is oriented perpendicular to a bundle formed from a-helices II and III, and a-helix IV is packed against the first three a-helices.
A search in the PDB [26] for structurally similar proteins using the DALI server [27] resulted in only one hit with a marginal Z-score of 4.3 (Escherichia coli protein YMGB; PDB ID: 2OXL, chain-B). Furthermore, visual inspection shows that a-helix IV (Fig. 1b) is not structurally aligned, indicating that CD1104B adopts a rather distinct a-helical architecture. As a result, the DALI-based search did not result in additional insight into the function of CD1104B.
Employment of the program ProFunc [28, 29] reveals the presence of two clefts 'C1' and 'C2' (C1: *500 Å 3 formed by Ile 6, Glu 7, Asn 10, Leu 11, Ser 13, Ile 14, Asp 37, Met 38, Glu 40, Leu 41 Ala 65 and Val 68; C2: *200 Å 3 formed by Ile 27, Asn 28, Leu 31, Ala 42, Lys 43 and Leu 46), both located in spatial proximity between, respectively, a-helices 1, 3 and C-terminal loop, and between a-helices 2 and 3 (Fig. 1e) . Moreover, ConSurf [30] analysis reveals higher conservation of residues around the larger cleft C1 and highlights the fact that only two residues (Glu 8 and Lys 48) are strictly conserved across the entire PF14203 family (Fig.  S4) . Intriguingly, our structure now reveals that these two residues are located in close spatial proximity and that their side chains form a salt bridge in 7 of the 20 conformers representing the NMR solution structure (Fig. 1f) . These findings support the conjecture that Glu 8 and Lys 48, along with other conserved residues around cleft C1, are of functional importance [31] .
Operon prediction using the 'microbes-online' server (http://microbesonline.org) shows that the gene encoding CD1104B belongs to an operon within transposon CTn4 which also contains the genes of a putative DNA primase, a 
PDB ID 2L7K
Structural statistics computed for the ensemble of 20 deposited structures a Computed using AVS software [14] from the expected number of resonances, excluding: highly exchangeable protons (N-terminal, Lys, and Arg amino groups, hydroxyls of Ser, Thr, Tyr), carboxyls of Asp and Glu, non-protonated aromatic carbons, and the C-terminal His 6 tag b Calculated using PSVS 1.4 [36] . Average distance violations were calculated using the sum over r [15] reflecting the goodness-of-fit of the final ensemble of structures (including disordered residues) to the NOESY data and resonance assignments DNA topoisomerase and conjugal transfer proteins (CD1105, CD1106 & CD1110) [3] . It may thus be that protein CD1104B interacts with either nucleic acids or with proteins required for the transfer of the transposon between genomes. Electrostatic surface potential calculations show that CD1104B exhibits on one side a largely negatively charged surface, while a mixed surface charge distribution is observed on the other side ( Fig. 1h; Fig. S5 ). However, a search for DNA binding sites using ProFunc [32] did not result in any significant hits. In contrast, a structure based prediction for protein-protein interaction sites using the PredUs server [33, 34] suggests that a surface area (Fig. 1g) which is located around the largest cleft C1, and which overlaps with the conserved surface area identified using ConSurf [30] (Fig. 1e) , is involved in such interactions. Taken together, our structure thus suggests that protein CD1104B (and very likely all members of Pfam 14203) functions by interacting with other proteins required for the transfer of transposon CTn4 between different bacterial species.
Finally, an important goal in the PSI program has been to provide novel modeling leverage [6, 35] . Hence, we estimated the number of proteins that can be reliably modeled using our newly determined experimental protein structure as a template. Based on the approach described by Liu et al. [6] , the structure of CD1104B provides a structural coverage of *75 % for PF14203.
